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Introduction {#sec1}
============

Developmental gene expression is tuned by transcription factors and the levels of post-translational modifications. Covalent modifications of the core histone tail are important epigenetic marks linked to a wide variety of nuclear functions, including transcriptional regulation. The discovery of enzymes that add/remove methyl groups to/from histones suggests that histone methylation levels are not static but are dynamically regulated by a variety of processes ([@bib13]). Histone H3 lysine 9 (H3K9) methylation, a representative epigenetic mark of transcriptionally silenced heterochromatin, is dynamically regulated by H3K9 methyltransferases and demethylases.

Spermatogenesis is a highly coordinated differentiation process in male germ cells. Dynamic regulation of H3K9 methylation plays a crucial role in spermatogenesis. Mice lacking H3K9 tri-methyltransferases, Suv39h1 and Suv39h2, displayed male germ cell arrest at the mid-to-late pachytene stage of meiosis ([@bib25]). The germline-specific depletion of G9a, which catalyzes H3K9 di-methylation, resulted in early pachytene stage arrest in the male and female germline ([@bib30]). Germline-specific depletion of H3K9 tri-methyltransferase, Eset, caused postnatal hypogonadism in both sexes ([@bib18]). Finally, loss of H3K9 demethylase, JMJD1A, impeded spermatid elongation ([@bib24]) ([@bib17]).

Prospermatogonia are male germ cells located in the center of testis cords in the pre- and perinatal period. After birth, prospermatogonia differentiate into undifferentiated- or differentiating spermatogonia ([@bib6]; [@bib34]). How epigenetic regulation contributes to prospermatogonia to spermatogonia transition is largely unknown. We previously revealed that H3K9me2 in embryonic prospermatogonia is maintained at extremely low levels compared with somatic cells ([@bib7]). We proposed that a low abundance of GLP/G9a heteromeric complex, a primary enzyme for H3K9 di-methylation ([@bib28], [@bib29]), might partly account for H3K9me2 hypomethylation in prospermatogonia ([@bib7]). However, contribution of H3K9 demethylase(s) to H3K9me2 hypomethylation was not determined.

Here, we show that H3K9me2 hypomethylation is maintained in postnatal prospermatogonia. We also show that H3K9me2 hypomethylation is achieved enzymatically via JMJD1A and JMJD1B, the enzymes responsible for H3K9me2 demethylation. We established a mouse line in which JMJD1A and/or JMJD1B were depleted in a germline-specific manner. Depletion of JMJD1A and JMJD1B resulted in a complete loss of male germ cells after puberty. Cytological analysis revealed that JMJD1A/JMJD1B-depleted germ cells could not differentiate into functional spermatogonia. Furthermore, transcriptome analysis indicated that JMJD1A/JMJD1B-depleted germ cells did not undergo a change in gene expression from prospermatogonia to spermatogonia. Finally, we demonstrated that activation of serial spermatogonial stem cell (SSC) maintenance genes was dependent upon JMJD1-mediated H3K9 demethylation. In summary, we demonstrate the pivotal role of H3K9 demethylation in spermatogenesis, where JMJD1 isozymes promote the differentiation of prospermatogonia into functional spermatogonia.

Results {#sec2}
=======

Expression Profiles of JMJD1A and JMJD1B in Prospermatogonia {#sec2.1}
------------------------------------------------------------

We previously demonstrated that H3K9me2 levels were significantly lower in prenatal prospermatogonia than in somatic cells during mouse embryogenesis ([@bib7]). To examine whether H3K9me2 hypomethylation was maintained in postnatal prospermatogonia, we performed immunostaining for H3K9me2 on testis sections at postnatal day 3 (P3). Sections were stained with antibodies against SOX9 and HSD3b, markers for Sertoli cells and Leydig cells, respectively. Male germ cells were stained with a TRA98 antibody, which recognizes a mouse testicular germ cell-specific antigen ([@bib31]). H3K9me2 signals were abundantly detected in the nuclei of Sertoli cells and Leydig cells in postnatal testes ([Figures 1](#fig1){ref-type="fig"}A and 1B, respectively). In contrast, H3K9me2 signals of prospermatogonia were extremely low, indicating that H3K9me2 hypomethylation was maintained from prenatal to postnatal prospermatogonia ([Figure 1](#fig1){ref-type="fig"}C).Figure 1Expression Profiles of JMJD1A and JMJD1B in Prospermatogonia(A--C) P3 wild-type mouse testes sections stained with an anti-H3K9me2 antibody. Sertoli cells and Leydig cells were marked with antibodies against SOX9 (A) and HSD3β (B), respectively. A TRA98 antibody was used to detect germ cells (C). Nuclei were stained with DAPI. Dashed lines represent basement membranes. Asterisks represent germ cells. Scale bars, 20 μm.(D) Quantitative mRNA analysis for *Jmjd1a* (left) and *Jmjd1b* (right) in germ cells and somatic cells separated from *Oct4*-*EGFP* Tg testes at the indicated time points. Relative mRNA levels in E13.5 somatic cells were arbitrarily defined as 1. Data are presented as the mean ± SD (n = 3 mice for each time point).(E and F) Immunofluorescence analysis of JMJD1A and JMJD1B in embryonic testes sections. Dashed lines represent basement membranes. Asterisks represent germ cells. Scale bars, 50 μm. (E) E17.5 wild-type testis sections were stained with an anti-JMJD1A antibody and DAPI. Enlarged boxes represent double staining for JMJD1A and DAPI (top) and single staining for JMJD1A (bottom). (F) E17.5 *Jmjd1b*^+/FLAG−KI^ testes were stained with an anti-FLAG antibody and DAPI. Enlarged boxes represent double staining for FLAG and DAPI (top) and single staining for FLAG (bottom).

We previously demonstrated that H3K9me2 hypomethylation in embryonic prospermatogonia was associated with reduced expression of GLP, a regulatory subunit of the GLP/G9a H3K9 methyltransferase complex ([@bib7]; [@bib29]; [@bib32]). Introduction of a *GLP* transgene increased H3K9me2 in prospermatogonia. However, the H3K9me2 levels were still lower than in somatic cells in this transgenic line ([@bib7]). One explanation for this observation is that H3K9me2 demethylation machinery also functions in prospermatogonia. The Jmjd1 family of proteins, JMJD1A and JMJD1B, possess intrinsic H3K9 demethylating activity and are involved in transcriptional activation ([@bib33]). We recently demonstrated the redundant but essential function of JMJD1A and JMJD1B in the peri-implantation stage of embryogenesis ([@bib16]). To address the potential contribution of JMJD1A and JMJD1B to H3K9me2 hypomethylation in prospermatogonia, male germ cells were isolated from prenatal and postnatal testes for mRNA analysis. qRT-PCR analysis revealed that *Jmjd1a* mRNA was expressed more highly in germ cells than in somatic cells from embryonic day 15.5 (E15.5) to P3 ([Figure 1](#fig1){ref-type="fig"}D, left). Of note, *Jmjd1a* expression in prospermatogonia increased during late embryogenesis, reaching a peak at E17.5. Furthermore, prospermatogonia expressed higher levels of *Jmjd1b* mRNA compared with somatic cells, with peak expression at E15.5 ([Figure 1](#fig1){ref-type="fig"}D, right). Immunofluorescence analysis of E17.5 sections indicated that JMJD1A signals were abundant in germ cells but not in somatic cells ([Figure 1](#fig1){ref-type="fig"}E) consistent with the mRNA expression analyses ([Figure 1](#fig1){ref-type="fig"}D, left). To detect the endogenous JMJD1B protein, we established a knockin mouse carrying the *Jmjd1b*^FLAG−KI^ allele, which produced a JMJD1B protein with a C-terminal FLAG tag ([@bib16]). JMJD1B-FLAG was detected both in germ and somatic cells, but the levels of JMJD1B-FLAG were substantially higher in germ cells compared with somatic cells ([Figure 1](#fig1){ref-type="fig"}F) consistent with the mRNA analyses ([Figure 1](#fig1){ref-type="fig"}D, right). In summary, expression profiles of JMJD1A and JMJD1B do not contradict our hypothesis that JMJD1 isozymes might contribute to active H3K9me2 demethylation in prospermatogonia.

JMJD1A and JMJD1B Catalyze H3K9 Demethylation in Prospermatogonia {#sec2.2}
-----------------------------------------------------------------

To address the role of JMJD1 isozymes in H3K9me2 hypomethylation in the male germline, we performed loss-of-function analyses of JMJD1A and/or JMJD1B. The combined loss of JMJD1A and JMJD1B led to lethality in the early post-implantation period ([@bib16]); therefore, we generated mice in which *Jmjd1a* and *Jmjd1b* were conditionally deleted by Cre-*loxP*-mediated recombination. The *loxP*-flanked (2lox) conditional alleles of *Jmjd1a* and *Jmjd1b* are shown in [Figure S1](#mmc1){ref-type="supplementary-material"}A and are described in our previous report ([@bib16]). Mice carrying 2lox alleles of *Jmjd1a* and *Jmjd1b* were crossed with *Vasa*-*Cre* mice, to produce progeny in which Cre/*loxP*-mediated recombination occurs in germ cells from E15 ([@bib9]). To address the accuracy of cell-type-specific depletion of JMJD1A and JMJD1B, germ cells were isolated from neonatal testes for immunoblot analysis. JMJD1A and JMJD1B were not detected in *Vasa*-*Cre*; *Jmjd1a*^2lox/1lox^; *Jmjd1b*^2lox/1lox^ germ cells, but were abundant in control *Vasa*-*Cre*; *Jmjd1a*^+/1lox^; *Jmjd1b*^+/1lox^ germ cells ([Figures 2](#fig2){ref-type="fig"}A and 2B). Importantly, in somatic cells, JMJD1B was still detected in *Vasa*-*Cre*; *Jmjd1a*^2lox/1lox^; *Jmjd1b*^2lox/1lox^ mice at a similar level to that in control mice ([Figure 2](#fig2){ref-type="fig"}B). These data indicate that JMJD1 isozymes were successfully depleted before birth in a germ cell-specific manner.Figure 2JMJD1A and JMJD1B Catalyze H3K9me2 Demethylation in Prospermatogonia(A and B) Immunoblot analysis of JMJD1A (A) and JMJD1B (B) in neonatal testicular cells. Germ cells and somatic sells were separated from P0 testes of the indicated genotypes for immunoblot analysis. Enrichment of germ cells was confirmed by immunoblotting with an anti-VASA antibody. Ponceau staining was used as a loading control.(C) Immunofluorescence analysis of H3K9me2 in P3 testes sections from the indicated genotypes. A TRA98 antibody was used to detect germ cells. Scale bars, 5 μm.(D) Relative fluorescence intensities of H3K9me2 in P3 germ cells of the indicated genotypes. Fluorescence intensities of germ cells and neighboring Sertoli cells were measured using ImageJ software. Relative fluorescence intensity values were calculated by dividing the fluorescence intensities of germ cells by those of Sertoli cells. We examined \>50 germ cells per genotype. ^∗∗∗^p \< 0.001 (one-way ANOVA with Tukey\'s test).

To address the potential contribution of JMJD1A and JMJD1B to H3K9me2 hypomethylation in prospermatogonia, we examined H3K9me2 in *Jmjd1a* and *Jmjd1b* mutant testes at P3. A schematic illustration of the generation of serial mutant mice is shown in [Figure S1](#mmc1){ref-type="supplementary-material"}B. We hereafter describe the genotype of germ cells in *Vasa*-*Cre*; *Jmjd1a*^2lox/+^; *Jmjd1b*^2lox/+^ mice as *1a*Δ/+; *1b*Δ/+. Anti-H3K9me2 immunofluorescence analysis revealed that H3K9me2 in *1a*Δ/Δ; *1b*Δ/+ cells and *1a*Δ/+; *1b*Δ/Δ cells was significantly increased compared with that in *1a*Δ/+; *1b*Δ/+ cells ([Figure 2](#fig2){ref-type="fig"}C and summarized in [Figure 2](#fig2){ref-type="fig"}D). Notably, H3K9me2 was profoundly increased by the *1a*Δ/Δ mutation and moderately increased by the *1b*Δ/Δ mutation, indicating the predominant role of JMJD1A in H3K9me2 demethylation in prospermatogonia. Remarkably, the *1a*Δ/Δ; *1b*Δ/Δ mutation induced a \>6-fold increase in H3K9me2 compared with that in the *1a*Δ/+; *1b*Δ/+ control ([Figures 2](#fig2){ref-type="fig"}C and 2D). H3K9me3 but not H3K9me1 was also increased in *1a*Δ/Δ; *1b*Δ/Δ male germ cells ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B, respectively). These data indicate that JMJD1A and JMJD1B preferentially demethylate H3K9me2/3 but not me1 in prospermatogonia. An *in vitro* enzymatic study demonstrated that recombinant JMJD1A demethylates H3K9me1/2, but not me3 ([@bib33]). It is reasonable that specific partner protein(s) may alter the substrate specificity of JMJD1 enzymes *in vivo*.

JMJD1A and JMJD1B Are Required for Maintenance of the Male Germline {#sec2.3}
-------------------------------------------------------------------

To address the impact of JMJD1A/JMJD1B depletion on spermatogenesis, we performed histological analysis of reproductive organs in 3-month-old male mice ([Figures 3](#fig3){ref-type="fig"}A--3F) and summarized the number of germ cells per seminiferous tubule section ([Figure 3](#fig3){ref-type="fig"}G). Spermatogenesis in *1a*Δ/+; *1b*Δ/+ and *1a*+/+; *1b*Δ/Δ germ cells proceeded normally ([Figures 3](#fig3){ref-type="fig"}A and 3B). *1a*Δ/+; *1b*Δ/Δ germ cells could also differentiate into mature sperm, but populations of spermatids were moderately decreased compared with those in *1a*Δ/+; *1b*Δ/+ and *1a*+/+; *1b*Δ/Δ cells ([Figures 3](#fig3){ref-type="fig"}C and 3G). Male mice of these three mutants were fertile in natural mating. In contrast, a single homozygous mutation in *Jmjd1a* (*1a*Δ/Δ; 1b+/+) resulted in failure of the elongation step of spermiogenesis and the corresponding male mice were infertile ([Figure 3](#fig3){ref-type="fig"}D), indicating that JMJD1A is required for spermiogenesis. Previous reports demonstrated that the zygotic loss of JMJD1A results in failure of the elongation step of spermiogenesis ([@bib17]; [@bib24]). Taken together, our conditional knockout studies confirmed that the spermiogenesis defect in JMJD1A-deficient mice was caused by a malfunction in the germ cell itself. Importantly, an additional 1b mutation on the *1a*Δ/Δ background had a profound effect on spermatogenesis ([Figures 3](#fig3){ref-type="fig"}E and 3G). Haploid spermatids were barely detected in testes carrying *1a*Δ/Δ; *1b*Δ/+ germ cells, suggesting that meiosis was perturbed in this mutant. Consistent with this, haploid germ cells were markedly reduced in adult testis carrying *1a*Δ/Δ; *1b*Δ/+ germ cells ([Figure S3](#mmc1){ref-type="supplementary-material"}). These results indicate that JMJD1 isozymes may play a crucial role in meiosis progression. Most importantly, loss of all *Jmjd1a* and *Jmjd1b* alleles resulted in the absence of germ cells at any developmental stage; only Sertoli cells were present in the corresponding seminiferous tubules of adult mice ([Figures 3](#fig3){ref-type="fig"}F and 3G). The final developmental stages of spermatogenesis in each mutant are summarized in [Figure 3](#fig3){ref-type="fig"}H. We found redundant but partially different roles of *Jmjd1* alleles in spermatogenesis. First, at least one allele of either *Jmjd1a* or *Jmjd1b* is required for the maintenance of germ cells. Second, at least one allele of *Jmjd1a* or two alleles of *Jmjd1b* is required for the completion of meiosis. Third, at least one allele of *Jmjd1a* is required for the completion of the elongation step. In the latter two cases, the *Jmjd1a* allele is more important than the *Jmjd1b* allele.Figure 3JMJD1A and JMJD1B Are Required for Maintenance of the Male Germline(A--F) Histological analysis of testes and epididymis of 3-month-old male mice of the genotypes indicated above each figure (A) to (F). Paraffin-embedded testis and epididymis sections were stained with PAS-hematoxylin and hematoxylin-eosin, respectively. Enlarged views of testes sections (boxed areas in the top panel) are shown in the middle panel. Scale bars, 100 μm.(G) Population analysis of testicular cells in 3-month-old testes of the indicated genotypes. The number of cells per PAS-hematoxylin-stained cross-tubular section is presented. Testicular cells were classified into six types according to their PAS-hematoxylin-staining profile, morphology, and intratubular localization. Abnormal cells represent those that could not be classified. More than 10 tubular sections were analyzed per sample.(H) Summary of the developmental phenotypes of male germ cells lacking *Jmjd1a* and/or *Jmjd1b* alleles. Terminal developmental stages of male germ cells of the indicated genotypes are illustrated.

Germline-Specific Depletion of JMJD1A and JMJD1B Impairs Spermatogonia Development {#sec2.4}
----------------------------------------------------------------------------------

To identify the critical step of germ cell development influenced by JMJD1A/JMJD1B depletion, we examined when germ cells are exhausted in the mutant testes ([Figures 4](#fig4){ref-type="fig"}A--4D). Immunohistochemical analysis revealed that germ cells were barely detected in mutant testes at P15, in which only SOX9+ Sertoli cells were detected ([Figure 4](#fig4){ref-type="fig"}D). This indicated that *1a*Δ/Δ; *1b*Δ/Δ germ cells do not enter first-round spermatogenesis. In contrast, germ cells were detected in mutant testes until P7 ([Figures 4](#fig4){ref-type="fig"}A--4C). We counted germ cells per tubule of the mutant testes, as summarized in [Figure 4](#fig4){ref-type="fig"}E. No significant reduction was observed in the number of germ cells in mutant testes from P0 to P3. However, the number of germ cells was reduced in mutant testis at P7 ([Figures 4](#fig4){ref-type="fig"}C and 4E). Because spermatogonia are the dominant population in normal testes at P7, spermatogonia development may be influenced by JMJD1A/JMJD1B depletion. To address the cause of the reduction in germ cell number, we performed cell death and proliferation analyses of mutant testes at P7 ([Figures 4](#fig4){ref-type="fig"}F--4I). The number of apoptotic cells was markedly increased in testes carrying *1a*Δ/Δ; *1b*Δ/Δ germ cells ([Figures 4](#fig4){ref-type="fig"}F and 4G). 5-Ethynyl-2′-deoxyuridine (EdU) incorporation analysis indicated that proliferation was also affected in *1a*Δ/Δ; *1b*Δ/Δ germ cells ([Figures 4](#fig4){ref-type="fig"}H and 4I). We therefore concluded that an increase in cell death and a decrease in cell proliferation both account for the reduced number of *1a*Δ/Δ; *1b*Δ/Δ germ cells.Figure 4Germline-Specific Depletion of JMJD1A and JMJD1B Impairs Spermatogonia Development(A--D) Immunofluorescence analysis of control (*1a*Δ/+; *1b*Δ/+, top) and mutant (*1a*Δ/Δ; *1b*Δ/Δ, bottom) testes sections at the developmental times indicated above each figure (A) to (D). Germ cells and Sertoli cells were marked with TRA98 and anti-SOX9 antibodies, respectively. Scale bars, 50 μm.(E) Summarized number of TRA98+ germ cells per cross-tubular section at the indicated times. Error bars represent ± SEM for \>100 tubules from three mice. ^∗∗∗^p \< 0.001 (t test).(F--I) Cell death and proliferation analyses of JMJD1A/JMJD1B-depleted germ cells at P7. (F) TUNEL-stained sections of P7 testes of the indicated genotypes were counterstained with a TRA98 antibody and DAPI. Scale bars, 50 μm. (G) Average numbers of TUNEL+ cells in cross-tubular sections are summarized. Error bars represent ± SEM (n = 3 mice each). ^∗∗^p \< 0.05 (t test). (H) P7 testicular cells incorporating EdU were counterstained with a TRA98 antibody and DAPI. Scale bars, 50 μm. (I) Average numbers of EdU+ cells per cross-tubular section are summarized. Error bars represent ± SEM (n = 3 mice each). ^∗∗∗^p \< 0.001 (t test).(J) Whole-mount immunofluorescence analysis of seminiferous tubules from P7 control (*1a*Δ/+; *1b*Δ/+, top) and P7 mutant (*1a*Δ/Δ; *1b*Δ/Δ, bottom) testes. A TRA98 antibody was used to mark germ cells. Antibodies against PLZF and c-KIT were used to detect undifferentiated spermatogonia and differentiating spermatogonia, respectively. Nuclei were counterstained with DAPI.(K and L) Population analysis of P7 germ cells by fluorescence-activated cell sorting (FACS). Germ cells were dissociated from control (top) and mutant testes (bottom), stained with a TRA98 antibody and antibodies against PLZF and c-KIT, and then used for FACS analysis. (K) P7 testicular cells were fractionated to examine cell profiles for forward scatter (FSC) and TRA98 staining. Boxes represent the germ cell population. (L) Population analysis of P7 male germ cells. TRA98-sorted germ cells (boxes shown in K) were used for the classification of PLZF+ undifferentiated spermatogonia and c-KIT+ differentiating spermatogonia.(M) PCA plot visualizing the degree of dissimilarity of gene expression in male germ cells between the indicated genotypes and developmental times.

Spermatogonia are classified as two cell types, differentiating and undifferentiated spermatogonia. During the prospermatogonia to spermatogonia transition, prospermatogonia give rise to differentiating or undifferentiated spermatogonia. Thus, we examined whether *1a*Δ/Δ; *1b*Δ/Δ male germ cells can differentiate into spermatogonia. Seminiferous tubules of P7 testes were stained with an antibody against PLZF ([@bib2]; [@bib4]), a marker for undifferentiated spermatogonia, and with an antibody against c-KIT, a marker of differentiating spermatogonia ([@bib26]), in combination with a TRA98 antibody ([Figure 4](#fig4){ref-type="fig"}J). TRA98+ cells were present in control and mutant tubules at P7. PLZF+ and c-KIT+ cells were abundant in control tubules but were not detected in mutant tubules ([Figure 4](#fig4){ref-type="fig"}J). To quantitatively evaluate PLZF+ and c-KIT+ cell populations, we performed fluorescence-activated cell sorting ([Figures 4](#fig4){ref-type="fig"}K and 4L). TRA98+ germ cells were sorted from P7 testicular cells ([Figure 4](#fig4){ref-type="fig"}K), and were then analyzed using antibodies against PLZF and c-KIT ([Figure 4](#fig4){ref-type="fig"}L). JMJD1A/JMJD1B depletion reduced germ cell numbers to about half that in control testes ([Figure 4](#fig4){ref-type="fig"}K), consistent with [Figures 4](#fig4){ref-type="fig"}C and 4E. Population analysis indicated that the c-KIT+/PLZF− cell population, representing differentiating spermatogonia, was predominant in P7 control germ cells, constituting approximately 40% of all cells ([Figure 4](#fig4){ref-type="fig"}L, top). The c-KIT-/PLZF+ population, representing undifferentiated spermatogonia, constituted approximately 20% of all cells in the control testes ([Figure 4](#fig4){ref-type="fig"}L, top). In addition, we found another population (∼30%) composed of c-KIT+/PLZF+ cells. This population might represent an intermediate type of cell between undifferentiated spermatogonia and differentiating spermatogonia ([Figure 4](#fig4){ref-type="fig"}L, top). Strikingly, c-KIT+/PLZF−, c-KIT-/PLZF+, and c-KIT+/PLZF+ populations were almost absent in *1a*Δ/Δ; *1b*Δ/Δ germ cells at P7 ([Figure 4](#fig4){ref-type="fig"}L, bottom). Instead, the c-KIT−/PLZF− population was predominant in *1a*Δ/Δ; *1b*Δ/Δ germ cells, constituting approximately 80% of all cells. This c-KIT−/PLZF− population was barely detected in control testes ([Figure 4](#fig4){ref-type="fig"}L, top).

To determine the cellular characteristics of JMJD1A/JMJD1B-depleted germ cells, we performed mRNA sequencing (mRNA-seq) analysis using germ cells purified from P7 testes. We compared the gene expression of *1a*Δ/Δ; *1b*Δ/Δ germ cells with that of wild-type germ cells at several developmental stages by principal-component analysis (PCA). For this analysis, we utilized previously published mRNA-seq data of wild-type neonatal prospermatogonia (P0 WT), P7 wild-type c-KIT− spermatogonia (P7 WT \[c-KIT−\]), and P7 wild-type c-KIT+ spermatogonia (P7 WT \[c-KIT+\]) ([@bib14]). In addition to these data, we prepared mRNA-seq data of wild-type germ cells purified from P3 testis of this study (P3 WT) ([Figure 4](#fig4){ref-type="fig"}M). Genes that respond to environmental and biological stimuli were significantly enriched both in PC1 and PC2 ([Figure S4](#mmc1){ref-type="supplementary-material"}). We noticed similar distances between P0 WT, P3 WT, and P7 WT. Interestingly, the distance from P7 *1a*Δ/Δ; *1b*Δ/Δ to P3 WT was much closer than that from P7 *1a*Δ/Δ; *1b*Δ/Δ to P7 WT (c-KIT+ or c-KIT−) ([Figure 4](#fig4){ref-type="fig"}M), indicating that the prospermatogonia to spermatogonia transition was perturbed by JMJD1A/JMJD1B depletion. Considering that *1a*Δ/Δ; *1b*Δ/Δ germ cells did not enter the first round of spermatogenesis ([Figure 4](#fig4){ref-type="fig"}D) and did not express typical spermatogonia markers ([Figure 4](#fig4){ref-type="fig"}L), JMJD1A/JMJD1B depletion might inhibit the generation of functional spermatogonia.

JMJD1A/JMJD1B Depletion Perturbs the Prospermatogonia to Spermatogonia Transition {#sec2.5}
---------------------------------------------------------------------------------

To address how JMJD1 isozymes control the prospermatogonia to spermatogonia transition, we performed transcriptomic analysis of postnatal germ cells lacking JMJD1A and/or JMJD1B. In brief, *1a*Δ/+; *1b*Δ/+, *1a*Δ/+; *1b*Δ/Δ, *1a*Δ/Δ; *1b*Δ/+, and *1a*Δ/Δ; *1b*Δ/Δ germ cells were isolated from the corresponding P3 testes by immunoaffinity purification, and were then subjected to mRNA-seq analysis. For PCA, we used previously published datasets for E16 prospermatogonia (E16 WT) and P0 WT ([@bib14]), and a P3 WT dataset prepared in this study. We extracted differentially expressed genes between P0 WT and P3 WT, and then merged our transcriptome datasets for P3 germ cells ([Figure 5](#fig5){ref-type="fig"}A). As shown in [Figure 5](#fig5){ref-type="fig"}A, serial mutants of P3 germ cells were located near the line connecting P0 to P3. Of these, *1a*Δ/Δ; *1b*Δ/+ was further away from P3 WT than *1a*Δ/+; *1b*Δ/Δ, indicating that JMJD1A is more crucial than JMJD1B in this process. Importantly, among the mutants, *1a*Δ/Δ; *1b*Δ/Δ was farthest from P3 WT and nearest to P0 WT ([Figure 5](#fig5){ref-type="fig"}A), indicating that the loss of all four *Jmjd1* alleles induced the most severe developmental delay from P0 to P3. Notably, the PCA plot showed that PC2 (y axis) mainly contributed to the P0 to P3 transition ([Figure 5](#fig5){ref-type="fig"}A). Genes related to neuron differentiation, meiosis, and chromosome segregation were significantly enriched in PC2 ([Figure 5](#fig5){ref-type="fig"}B); therefore, perturbed expression of these genes might account for the developmental delay of germ cells lacking JMJD1A and/or JMJD1B.Figure 5JMJD1A/JMJD1B Depletion Perturbs the Prospermatogonia to Spermatogonia Transition(A) A PCA plot was used to visualize the degree of gene expression dissimilarity in male germ cells between the indicated genotypes and developmental times. We extracted differentially expressed genes between P0 WT and P3 WT and used them for PCA.(B) Gene ontology analysis of genes contributing to PC2 shown in [Figure 5](#fig5){ref-type="fig"}A. We calculated the loading of PC2 and used the top 5% of genes for gene ontology analysis.(C) Immunofluorescence analysis of FOXO1 subcellular localization in control and JMJD1A/JMJD1B-depleted germ cells at P3. We classified localization patterns of FOXO1 as cytoplasmic (indicated by white arrowheads), nuclear, or both (indicated by yellow arrows). Scale bars, 50 μm.(D) Comparative evaluation of the subcellular localization of FOXO1 between control and JMJD1A/JMJD1B-depleted germ cells. Error bars represent ± SEM (n = 3 mice per genotype).(E) Intratubular localization of prenatal and postnatal germ cells in the seminiferous tubule. Control and mutant testes sections at the indicated developmental times were stained with antibodies to TRA98 and DAPI. "Peri" and "Central" represent TRA98+ germ cells in contact with the basement membrane and not in contact with the basement membrane, respectively. Error bars represent ± SEM (n = 3 mice per indicated genotype and developmental time).(F) Expression of spermatogonial stem cell marker genes in postnatal male germ cells was visualized with a heatmap. mRNA-seq data of P3 germ cells of the indicated genotypes was utilized. *Vasa* and *Dazl* were used as pan-germ cell marker genes. Daggers represent genes required for the maintenance of male germ cells. The heatmap represents log2-transformed FPKM values of each sample normalized to those of the control.

To further confirm the requirement of JMJD1 isozymes for prospermatogonia to spermatogonia transition, we examined the subcellular localization of FOXO1, a marker of prospermatogonia/spermatogonia ([Figures 5](#fig5){ref-type="fig"}C and 5D). FOXO1 translocates from the cytoplasm to the nucleus during the prospermatogonia to c-KIT− spermatogonia transition ([@bib10]). In control P3 germ cells, a population in which FOXO1 was present in the cytoplasm and nucleus reached over 50%. In contrast, in *1a*Δ/Δ; *1b*Δ/Δ germ cells, this population was minor (∼20%) but another population in which FOXO1 was detected only in the cytoplasm was predominant (∼80%) ([Figure 5](#fig5){ref-type="fig"}D). This cytological analysis confirmed perturbation of the prospermatogonia to spermatogonia transition in *1a*Δ/Δ; *1b*Δ/Δ germ cells. Prospermatogonia migrate into the basement membrane to form an SSC pool in seminiferous tubules during the prospermatogonia to spermatogonia transition. To address whether this process was inhibited by JMJD1A/JMJD1B depletion, we examined the intratubular localization of germ cells in P0 and P3 testes. No significant difference in intratubular localization was observed between mutant and control germ cells at P0 ([Figure 5](#fig5){ref-type="fig"}E). In contrast, ∼70% of control germ cells had migrated into the basement membrane, whereas only ∼50% of mutant cells had migrated at P3, further confirming that the prospermatogonia to spermatogonia transition was perturbed by JMJD1A/JMJD1B depletion.

To understand how JMJD1A/JMJD1B depletion affects the expression of SSC marker genes, we compared mRNA levels of P3 germ cells by heatmap analysis ([Figure 5](#fig5){ref-type="fig"}F). The expression levels of pan-germ cell marker genes, such as *Vasa* and *Dazl*, were not affected by JMJD1A/JMJD1B depletion, whereas the expression levels of SSC marker genes were significantly reduced in *1a*Δ/Δ; *1b*Δ/Δ cells ([Figure 5](#fig5){ref-type="fig"}F), indicating that JMJD1A/JMJD1B selectively and positively regulates SSC marker genes during the prospermatogonia to spermatogonia transition. Notably, reduced expression of SSC maker genes was more prominent in *1a*Δ/Δ; *1b*Δ/+ cells than in *1a*Δ/+; *1b*Δ/Δ cells, indicating a predominant role of JMJD1A in the activation of SSC marker genes. Among these genes, several are required for SSC maintenance (as discussed later). We speculate that the inactivation of multiple SSC maintenance genes may account for the failure of functional spermatogonia development in *1a*Δ/Δ; *1b*Δ/Δ germ cells.

To investigate the cause of the disturbed prospermatogonia to spermatogonia transition, we performed proliferation and cell death analyses in mutant testes at P3 ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). EdU incorporation analysis indicated decreased proliferation of *1a*Δ/Δ; *1b*Δ/Δ germ cells in P3 testes ([Figures S5](#mmc1){ref-type="supplementary-material"}A). In contrast, the frequency of apoptotic cells was not changed by JMJD1A/JMJD1B depletion ([Figure S5](#mmc1){ref-type="supplementary-material"}B). These data indicate that perturbed prospermatogonia to spermatogonia transition in *1a*Δ/Δ; *1b*Δ/Δ germ cells might occur by inhibition of cell-cycle progression. A mitotic wave is initiated in male germ cells after birth; therefore, dysregulation of the genes related to chromosomal segregation ([Figure 5](#fig5){ref-type="fig"}B) might inhibit this mitotic wave in *1a*Δ/Δ; *1b*Δ/Δ germ cells.

JMJD1 Isozymes Preferentially Activate Transcription in Gene-Dense Regions of Chromosomes in Prospermatogonia {#sec2.6}
-------------------------------------------------------------------------------------------------------------

To examine the contribution of JMJD1-mediated H3K9me2 demethylation to transcription at the single-gene level, we performed H3K9me2 chromatin immunoprecipitation sequencing (ChIP-seq) analysis using purified P3 male germ cells. H3K9me2 ChIP analysis demonstrated that an 8- to 10-fold greater amount of DNA was immunoprecipitated from *1a*Δ/Δ; *1b*Δ/Δ cells compared with control cells ([Figure 6](#fig6){ref-type="fig"}A). This is in accord with the immunofluorescence analysis of H3K9me2 ([Figure 2](#fig2){ref-type="fig"}D). We present two patterns of H3K9me2 distribution. First is the absolute distribution of H3K9me2, in which data were normalized to the immunoprecipitated amounts of DNA ([Figure 6](#fig6){ref-type="fig"}B, chromosome 5 was used as a representative chromosome). Second is the relative distribution of H3K9me2, in which similar numbers of reads from control and mutant cells are displayed (approximately 40 million reads) ([Figure 6](#fig6){ref-type="fig"}C). As shown in [Figure 6](#fig6){ref-type="fig"}B, an increase in H3K9me2 was prominent throughout chromosome 5, indicating that JMJD1 isozymes target global regions of chromosomes. Relative H3K9me2 distribution profiles showed that H3K9me2 was unevenly distributed in P3 control germ cells, with H3K9me2-high and -low regions ([Figure 6](#fig6){ref-type="fig"}C). Next, we calculated the fold increase of H3K9me2 induced by JMJD1A/JMJD1B depletion by dividing the H3K9me2 value of *1a*Δ/Δ; *1b*Δ/Δ cells by that of control cells ([Figure 6](#fig6){ref-type="fig"}D). We found that chromosomal regions preferentially demethylated by JMJD1A/JMJD1B (shown in red in [Figure 6](#fig6){ref-type="fig"}D) overlap with originally H3K9me2-low regions in control cells ([Figure 6](#fig6){ref-type="fig"}C).Figure 6JMJD1 Isozymes Preferentially Activate Transcription in Gene-Dense Chromosomal Regions in Prospermatogonia(A) P3 germ cells of the indicated genotypes were subjected to native ChIP analysis with an anti-H3K9me2 antibody and the yield of ChIP DNA was quantified. DNA collected from control cells was assumed as 1 for data normalization. Data are presented as the mean ± SEM (n = 3 independent experiments.) ^∗∗^p \< 0.01 (t test).(B--F) Correlation between H3K9me2 distribution and JMJD1A/JMJD1B-regulated genes in prospermatogonia. P3 germ cells were isolated from control (1aΔ/+; 1bΔ/+) and JMJD1A/JMJD1B-depleted (*1a*Δ/Δ; *1b*Δ/Δ) germ cells at P3 for ChIP-seq analysis of H3K9me2. We used a genomic view of chromosome 5 as representative data. Data were normalized (B) and not normalized (C) according to the amount of immunoprecipitated DNA. (D) Heatmap showing the log2-transformed ratio of ChIP/input of JMJD1A/JMJD1B-depleted germ cells divided by that of control germ cells. (E and F) Chromosomal distribution of genes that were downregulated (E) and upregulated (F) in *1a*Δ/Δ; *1b*Δ/Δ P3 germ cells compared with those in *1a*Δ/+; *1b*Δ/+ P3 germ cells.(G) Correlation between gene density and H3K9me2 levels in control germ cells (top) and JMJD1A/JMJD1B-depleted germ cells (bottom). The x and y axes indicate the number of mm10 RefSeq genes and the ChIP/input ratio of H3K9me2, respectively.(H) Averaged profile of H3K9me2 around the gene bodies of control (*1a*Δ/+; *1b*Δ/+: blue) and JMJD1A/JMJD1B-depleted (*1a*Δ/Δ; *1b*Δ/Δ: red) germ cells. H3K9me2 profiles of all genes (left), downregulated (middle) and upregulated (right) in *1a*Δ/Δ; *1b*Δ/Δ P3 germ cells compared with that in *1a*Δ/+; *1b*Δ/+ P3 germ cells are presented.(I and J) Distribution profile of H3K9me2 and expression profile for the *Plzf* (I) and *Etv5* (J) loci. Log2-transformed ratios of ChIP/Input (top) and FPKM counts from RNA-seq analysis (bottom) are shown.

Gene expression analysis demonstrated that 812 and 1,316 genes were down- and upregulated in *1a*Δ/Δ; *1b*Δ/Δ P3 germ cells compared with *1a*Δ/+; *1b*Δ/+ P3 germ cells, respectively (listed in [Table S1](#mmc2){ref-type="supplementary-material"}). The former and latter genes are hereafter referred to as dKO \< Ctrl and dKO \> Ctrl, respectively. Mapping analysis of JMJD1A/JMJD1B-regulated genes on chromosome 5 revealed that dKO \< Ctrl genes were enriched in the regions where H3K9me2 was preferentially demethylated by JMJD1A/JMJD1B ([Figures 6](#fig6){ref-type="fig"}D and 6E), but this feature was not found in dKO \> Ctrl genes ([Figures 6](#fig6){ref-type="fig"}D and 6F).

We previously demonstrated that JMJD1 isozymes preferentially targeted gene-dense regions of chromosomes in embryonic stem cells ([@bib16]). To determine whether this feature was conserved in prospermatogonia, we examined the correlation between gene density and H3K9me2 in P3 germ cells ([Figure 6](#fig6){ref-type="fig"}G). There was an inverse relationship between gene density and H3K9me2 levels in control germ cells ([Figure 6](#fig6){ref-type="fig"}G, top). Importantly, this feature was dampened by JMJD1A/JMJD1B depletion ([Figure 6](#fig6){ref-type="fig"}G, bottom), indicating that JMJD1 isozymes preferentially target gene-dense regions of chromosomes in prospermatogonia.

We next examined the correlation between altered gene expression and altered H3K9me2 levels in JMJD1A/JMJD1B-depleted male germ cells at P3 ([Figure 6](#fig6){ref-type="fig"}H). As H3K9me2 levels in dKO \> Ctrl genes were similar to those in all genes, upregulation of dKO \> Ctrl genes might occur independently of H3K9 demethylation. In contrast, H3K9me2 levels were markedly lower in dKO \< Ctrl genes compared with all genes, indicating that H3K9me2 in dKO \< Ctrl genes was more actively targeted by JMJD1 isozymes compared with H3K9me2 in other loci. Finally, we examined the impact of JMJD1A/JMJD1B-mediated H3K9 demethylation on gene expression at the single-gene level. For this purpose, genomic loci around *Plzf* and *Etv5* were chosen as representative regions ([Figures 6](#fig6){ref-type="fig"}I and 6J, respectively) because the expression levels of these SSC marker genes were downregulated by JMJD1A/JMJD1B depletion ([Figure 5](#fig5){ref-type="fig"}H). In control cells, H3K9me2 levels of *Plzf* and *Etv5* gene bodies were much lower than those of adjacent genes. In *1a*Δ/Δ; *1b*Δ/Δ cells, the increase of H3K9me2 was more remarkable in *Plzf* and *Etv5* gene bodies compared with adjacent genes ([Figures 6](#fig6){ref-type="fig"}I and 6J). Importantly, the expression levels of *Plzf* and *Etv5* were reduced but those of adjacent genes were not affected by JMJD1A/JMJD1B depletion. As shown in [Figure S6](#mmc1){ref-type="supplementary-material"}, these characteristics were also found in SSC marker genes whose expression was regulated by JMJD1A/JMJD1B. Collectively, the transcriptional activation of SSC marker genes in prospermatogonia is highly dependent on JMJD1A/JMJD1B-mediated H3K9 demethylation.

Discussion {#sec3}
==========

Our present studies are summarized in [Figure 7](#fig7){ref-type="fig"}. We propose that activation of SSC maintenance genes in prospermatogonia is critical for the subsequent differentiation into spermatogonia. JMJD1A and JMJD1B are redundant but substantially contribute to activation of these genes by removing repressive H3K9 methylation marks. Depletion of JMJD1A/JMJD1B results in increased H3K9 methylation and decreased transcription of SSC maintenance genes, thereby blocking the generation of functional (i.e., undifferentiated and differentiating) spermatogonia. Below, we discuss our results with reference to recent findings related to epigenetic regulation and germ cell development.Figure 7Role of JMJD1A and JMJD1B in the Prospermatogonia to Spermatogonia TransitionIn wild-type spermatogonia, JMJD1A and JMJD1B are highly expressed and the H3K9me2 mark is removed to extremely low levels in a JMJD1-dependent manner. This H3K9 hypomethylation status is critical for upregulation of SSC genes and the subsequent transition of prospermatogonia to spermatogonia after birth. In JMJD1A/JMJD1B-depleted spermatogonia, H3K9me2 is hypermethylated, resulting in low SSC gene expression and perturbed differentiation of prospermatogonia.

We previously demonstrated that the GLP/G9a complex is responsible for global H3K9me2 in embryonic stem cells ([@bib28], [@bib29]). Recently, we reported that JMJD1A/JMJD1B contributed to transcriptional activation by demethylating H3K9me2 marks deposited by GLP/G9a ([@bib16]). We speculate that JMJD1A/JMJD1B-mediated H3K9 demethylation may also counteract GLP/G9a complex-mediated H3K9 methylation in spermatogonia development. In support of this, the GLP/G9a complex is expressed in postnatal spermatogonia ([@bib30]). Alternatively, Suv39h1 and Eset H3K9 methyltransferases are candidate enzymes that might counteract JMJD1A/JMJD1B-mediated H3K9 demethylation in prospermatogonia because Suv39h1 ([@bib25]) and Eset ([@bib18]) are expressed in pre-meiotic spermatogonia. To comprehensively examine the role of H3K9 methylation dynamics in spermatogonia development, it is important to identify which H3K9 methyltransferase counteracts JMJD1-mediated H3K9 demethylation.

In this study, we demonstrated partial non-redundancy of JMJD1 isozymes in spermatogenesis. As shown in [Figure 3](#fig3){ref-type="fig"}H, *1a*Δ/+; *1b*Δ/Δ germ cells could differentiate into mature sperm and the corresponding male mice were fertile. In contrast, *1a*Δ/Δ; *1b*Δ/+ germ cells could not complete meiosis and the corresponding male mice were infertile. These data indicate a predominant function of JMJD1A in postnatal spermatogenesis. Loss of all four *Jmjd1a* and *Jmjd1b* alleles resulted in the most severe postnatal male germ cell developmental phenotype, i.e., exhaustion of germ cells before puberty, indicating the redundancy of JMJD1A and JMJD1B in the maintenance of male germ cells. This phenotype was associated with a marked inhibition of first-round spermatogenesis ([Figure 4](#fig4){ref-type="fig"}D) and a lack of functional spermatogonia ([Figure 4](#fig4){ref-type="fig"}L). Many studies have demonstrated that spermatogonia express specific marker genes related to transcription factors and cell surface receptors. Of these, several transcription factors, including *Oct4* ([@bib5]), *Id4* ([@bib23]), *Ret* ([@bib11]), *Gfra1* ([@bib20]), *Plzf* ([@bib2]; [@bib4]), *Etv5* ([@bib19]), *Lhx1* ([@bib22]), and *Bcl6b* ([@bib21]), have important roles in maintaining the male germline. Interestingly, expression levels of these genes were significantly reduced in *1a*Δ/Δ; *1b*Δ/Δ germ cells ([Figure 5](#fig5){ref-type="fig"}F). The decreased expression of multiple spermatogonia-specific transcription factors might synergistically affect the cellular integrity of the male germline in JMJD1A/JMJD1B-depleted germ cells.

DNA methylation levels change dynamically throughout the reproductive cycle ([@bib27]). Several studies, including ours, also reveal that H3K9me2 levels are dynamically regulated during the reproductive cycle. First, we demonstrated that JMJD1A and JMJD1B redundantly control embryogenesis around the peri-implantation period, where JMJD1 isozymes have crucial roles during epiblast development ([@bib16]). Second, JMJD1A contributes to sex determination by activating *Sry* in gonadal somatic cells at E11.5. JMJD1A deficiency resulted in the failure of H3K9 demethylation at the *Sry* locus and the failure of *Sry* activation, thereby inducing male-to-female sex reversal ([@bib15]). Third, JMJD1A contributed to the elongation step of spermatogenesis by activating genes required for the histone to protamine transition ([@bib17]; [@bib24]). Finally, we show that JMJD1 isozymes substantially contribute to the prospermatogonia to spermatogonia transition. In summary, the dynamic regulation of H3K9me2 plays a critical role in various steps of the reproductive cycle. In addition to H3K9 methylation enzymes, there are many other types of histone K methylating and counteracting demethylating enzymes in mammals ([@bib8]; [@bib13]). Therefore, it is likely that histone K methylation marks other than H3K9 methylation are also dynamically regulated during development and cell differentiation. The next important step is, therefore, to identify these methylating/demethylating enzymes and their target loci.

Experimental Procedures {#sec4}
=======================

Antibodies {#sec4.1}
----------

The following antibodies were used were used for immunoblotting. Anti-SOX9 (Merck Millipore, AB5535), anti-HSD3b (TransGenic, KO607), anti-TRA98 (Abcam, ab82527), anti-FLAG (clone M2, Sigma, A8592), anti-VASA (Abcam, ab13840), anti-EPCAM (clone G8.8, eBioscience, no. 14-5791-85), anti-FOXO1 (CST, no. 2880), anti-PLZF (Santa Cruz, H300), anti-c-KIT (BioLegend, no. 105803), anti-JMJD1B (Abvnova, PAB15833), anti-H3K9me1 (Abcam, ab9045), anti-H3K9me2 (clone 6D11) ([@bib12]), anti-H3K9me3 (clone 2F3) ([@bib12]), anti-JMJD1A (clone F0618) ([@bib1]), and anti-JMJD1B (Abvnova, PAB15833). Anti-H3K9me2 (Abcam, Ab1220) was used for ChIP analysis.

Mice {#sec4.2}
----

For the generation of *Jmjd1a*^2lox^ and *Jmdj1b*^2lox^ mice, *Jmjd1a* and *Jmjd1b* knockin targeting vectors were constructed using bacterial artificial chromosome recombineering ([@bib3]). Vectors were introduced into TT2 embryonic stem cells. Chimeric males derived from homologously recombined embryonic stem cell clones were obtained to generate F1 offspring bearing the mutant alleles, which were further backcrossed to C57BL/6 for more than five generations. *Jmjd1b*^FLAG−KI^ ([@bib16]), *Vasa-Cre* Tg ([@bib9]), and *Oct4*-*EGFP* Tg mice ([@bib35]) were described previously. All animal experiments were performed under the animal ethical guidelines of Osaka University, Tokushima University and Kyoto University.

Data and Code Availability {#sec4.3}
--------------------------

The RNA-seq and ChIP-seq data are deposited in the Gene Expression Omnibus database under accession number [GSE148055](ncbi-geo:GSE148055){#intref0010}.
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